Background and Aims -Characterization of spatial patterns of plant disease can provide insights into important epidemiological processes such as sources of inoculum, mechanisms of dissemination, and reproductive strategies of the pathogen population. While two-dimensional patterns of disease (among plants within fields) have been studied extensively, there is limited information on threedimensional patterns within individual plant canopies. Reported here are the detailed mapping of different symptom types of brown rot (caused by Monilinia laxa) in individual sour cherry tree (Prunus cerasus) canopies, and the application of spatial statistics to the resulting data points to determine patterns of symptom aggregation and association. Methods -A magnetic digitizer was utilized to create detailed three-dimensional maps of three symptom types (blossom blight, shoot blight, and twig canker) in eight sour cherry tree canopies during the green fruit stage of development. The resulting point patterns were analyzed for aggregation (within a given symptom type) E V E R H A R T E T A L . , A N N A L S O F B O T A N Y 1 0 8 (2 0 1 1 ) 2 and pairwise association (between symptom types) using a three-dimensional extension of nearestneighbor analysis. Key Results -Symptoms of M. laxa infection were generally aggregated within the canopy volume, but there was no consistent pattern for one symptom type to be more or less aggregated than the other. Analysis of spatial association among symptom types indicated that previous year's twig cankers may play an important role in influencing the spatial pattern of current year's symptoms. This observation provides quantitative support for the epidemiological role of twig cankers as sources of primary inoculum within the tree. Conclusions -Presented here is a new approach to quantify spatial patterns of plant disease in complex fruit tree canopies using point pattern analysis. This work provides a framework for quantitative analysis of three-dimensional spatial patterns within the finite tree canopy, applicable to many fields of research.
Introduction
Characterization of spatial patterns and spatial dynamics of plant disease can provide insights into important epidemiological processes, especially those related to sources of inoculum, mechanisms of propagule dissemination, and reproductive strategies of the pathogen population (Wu and Subbarao, 2004) . For brown rot disease of pome and stone fruits, caused by fungi within the genus Monilinia, temporal epidemiological aspects of disease development have been well characterized (Byrde and Willetts, 1977) , but information about spatial aspects of brown rot epidemics is currently limited. The temporal sequence of disease progression includes pathogen survival either on fruit mummies on the ground, on mummies in the tree, or in twig cankers, followed by primary infection of flowers (causing blossom blight) in the spring. These infections can be initiated by sexual ascospores or asexual conidia. Blossom infections can subsequently lead to shoot blight, whereby the distal portion of the shoot is killed back due to girdling at the point of infection (i.e., the development of a twig canker). Conidia produced on blighted blossoms or in twig cankers can be wind or rain-splash dispersed (Corbin et al., 1968; Pauvert et al., 1969) to infect injured green fruit in the tree or thinned fruit on the ground, providing a bridge for subsequent infection of mature fruit near harvest. This then leads to the formation of fruit mummies and/or twig cankers, providing overwintering sites for the pathogen (Landgraf and Zehr, 1982; Northover, 1985, 1988a, b; Hong et al., 1999; Luo and Michailides, 2001; Holb and Scherm, 2007) .
Spatial epidemiological aspects of brown rot development in fruit orchards have received considerably less attention than the aforementioned temporal dynamics. Twodimensional spatial patterns, such as aggregation of symptomatic trees at the orchard scale, have been investigated by van Leeuwen et al. (2000) and Xu et al. (2001) in pome fruits. In general, these studies showed that infected trees were spatially clustered within orchard rows, with variable intensity of disease among individual trees. Although spatial patterns were more pronounced in pear (Pyrus communis) than in apple (Malus domestica) orchards, wounding of the fruit by birds, insect damage, or growth cracks was considered an influential source of the spatial pattern in both species. In a separate study, Elmer et al. (1998) examined the two-dimensional spatial pattern of Monilinia fructicola strains resistant to dicarboximide fungicide in peach and nectarine (Prunus persica) orchards, reporting that resistant strains were mostly restricted to individual trees with no spatio-temporal correlations from year to year of trees harboring resistant strains. This suggested that resistant strains may be reestablished annually from external sources rather than overwintering and establishing from within the same tree. Although providing useful epidemiological information, such spatial analyses have not yet been extended to three dimensions to include patterns at the canopy level. Given the complex structure of tree canopies (Costes et al., 2006) adding a third dimension could reveal considerable additional detail about spatial structure, specifically with regard to disease symptom aggregation as well as associations among different symptom types within the canopy.
In general, the number of studies of three-dimensional (3-D) patterns within tree canopies is limited, largely due to the complexity of such canopies and the difficulty in developing methods to rapidly and accurately map the hundreds or thousands of points that make up the tree canopy. Where plant disease or pest injury within a tree canopy has been examined, studies have generally relied on dividing and monitoring disease or injury within investigator-specified quadrats or sectors of the canopy, such as upper, middle, and lower sections (Andrews et al., 1980; Lewis, 1992; Michailides and Morgan, 1998; Spósito et al., 2008) . In addition, extending commonly used spatial statistics from two to three dimensions is not trivial mathematically. Scheuerell (2004) and Widder and Johnsen (2000) have published distance-based methods for analyzing patterns in the aggregation and association of species in three dimensions and for testing for departure from randomness.
In the present study, a magnetic digitizer was used to map different brown rot symptom types (blossom blight, shoot blight, and twig cankers) in individual sour cherry (Prunus cerasus) tree canopies, and 3-D methods of spatial statistics applied to the resultant data points. The goal was to determine the level of aggregation of different symptom types in the canopy as well as the degree of association of current year's symptoms with symptoms that resulted from the previous year's infections.
Materials and Methods

Mapping symptomatic elements within tree canopies
The study was conducted in an organically managed sour cherry orchard near Eperjeske, Hungary (47°31′60″N, 21°37′60″E), in June 2008 during the green fruit stage of development. Trees of cultivar Újfehértói fürtös, grafted on P. mahaleb rootstock, were approximately 11 years old (planted in 1997), between 2.3 and 3.8 m tall, and spaced 4.0 and 6.0 m within and between rows, respectively. At the time of the assessment, three main symptom types (blossom blight, shoot blight, and twig canker) caused by Monilinia laxa were present and readily distinguishable.
Eight trees (table 1) of different sizes and with varying levels of disease incidence were selected for digitizing with a FASTRAK 3Space magnetic digitizer (Polhemus, Colchester, Vermont, USA) (Smith and Curtis, 1996) . The x, y, and z coordinates of all symptomatic elements were digitized using a stylus attached to the FASTRAK 3Space system, as were all asymptomatic (healthy) fruit for a total of up to 1811 data points per tree (table 1 and fig. 1 ). In addition, the age of each symptom (i.e., current vs. previous year) was noted, based on whether it occurred on current or previous year's twig growth. Each digitized canopy element was tagged with colored tape to ensure that points were not measured twice and that no relevant point was omitted. The base of the trunk was designated as the origin of the coordinate system for each tree ( fig. 1 ). * Each symptomatic element may display more than one symptom type, hence the sum of the three specific symptom types is usually greater than the total number of symptomatic elements.
Figure 1.
Positions of all 807 brown rot symptoms (blossom blight, blighted shoots, and twig cankers) as mapped in the field in three dimensions with a magnetic digitizer in the canopy of sour cherry tree no. VIII. The data point at the origin (0,0,0) marks the base of the trunk.
Spatial pattern analysis
Spatial patterns of aggregation for a given symptom type within the canopy were characterized based on nearest-neighbor distances, i.e., the shortest Euclidian distance between symptoms derived from the x, y, and z coordinates of points. The frequency distribution of nearest-neighbor distances within each tree could then be used to determine deviation from randomness (Coomes et al., 1999; Scheuerell, 2004) . Aggregation was assessed using two different frames of reference: (1) deviation of all symptomatic elements from complete spatial randomness (CSR) within the canopy; and (2) deviation of a given symptom type from the baseline distribution of all symptomatic elements within each tree. In the former case (deviation from CSR), first a minimum canopy volume for each tree was simulated using the following procedure. A large volume comprising individual 0.125-m 3 cubes (50 × 50 × 50 cm) was formulated that contained all points digitized from the tree being modeled. To improve the fit of the volume to the canopy, the algorithm checked each of the cubes on the outermost layer for presence or absence of observations (points). For a given cube, if no observations were found, then it was removed from the volume. This procedure was applied until no cubes without observations were left on the exterior of the canopy volume. This resulted in a complex canopy consisting of 90-360 individual 0.125-m 3 cubes per tree, had no interior gaps, and mimicked the observed tree canopy better than a spherical or ellipsoidal canopy approximation. In the next step, 1000 Monte-Carlo simulations with random placement of all symptomatic elements were conducted within the simulated canopy volume. The cumulative frequency distribution of the actual nearest-neighbor distances between symptoms was compared with that of the Monte-Carlo simulations using a Kolmogorov-Smirnov test. If symptoms were more aggregated than when assigned randomly within the canopy, the cumulative frequency distribution would be above the upper 95% confidence band for the CSR simulations, whereas if data were regular it would fall below the lower confidence band. The test statistic dw, the maximum departure of the observed cumulative frequency distribution from that obtained for the simulations, was calculated as described in Coomes et al. (1999) and was used as an index of aggregation; a positive value of dw indicates aggregation, whereas a negative value signifies uniformity.
To assess deviation of a given symptom type from the distribution of all symptomatic elements within each tree, the measured coordinates of all symptomatic elements served as an empty set of points (baseline) over which the symptom of interest (such as blossom blight or twig canker) was assigned randomly without replacement to generate each of the 1000 Monte-Carlo simulations for each tree. Cumulative frequency distributions of nearestneighbor distances and the resultant dw values were used to assess the magnitude and significance of deviation from randomness.
Nearest-neighbor distances were also used to quantify the degree of pairwise association between different symptom types within the canopy. Here, nearest-neighbor distances were defined as the shortest distance from a given symptom of type A (e.g., blossom blight) to that of type B (e.g., twig canker). Again, the measured coordinates of all symptomatic elements served as a set of points over which the two symptom types of interest were randomized 1000 times. In each iteration, no symptoms of the same type were allowed to occupy the same coordinates, and co-occurrence of different symptom types at the same coordinate was limited to the same number observed in the actual dataset. The cumulative frequency distribution of the actual nearest-neighbor distances between the two symptom types was compared with that of the Monte-Carlo simulations as described for the aggregation analyses above. All computations were carried out in MATLAB v. 7.10 (MathWorks, Natick, Massachusetts, USA).
Results
On average, each of the eight digitized trees contained 773 data points, of which 444 and 329 were asymptomatic fruit and symptomatic elements, respectively (table 1). More than half of the symptomatic elements were due to current year's infections (mostly blossom blight), with the remainder being remnants of previous year's infections ( primarily twig cankers). Overall, about two-thirds of the specific symptoms were due to blossom blight, with twig cankers and especially shoot blight being less common. Nearest-neighbor distances computed across the eight digitized trees showed that current year's infections were closest to previous year's twig cankers (median 20.6 cm) and blighted blossoms (34.9 cm), whereas greater distances were found to previous year's shoot blight symptoms (70.4 cm) ( fig. 2) . These distances were inversely proportional to the number of symptoms in each symptom type class. Results of the spatial analysis of symptomatic elements are illustrated in figure 3 for tree no. VIII, the largest tree in the dataset (1811 total points). The most common nearest-neighbor distance among the 807 M. laxa-associated symptoms in this tree was 7-9 cm, which was considerably shorter than the most common nearest-neighbor distance (18-24 cm) obtained by Monte-Carlo simulation within the entire tree volume ( fig. 3A ), suggesting aggregation relative to CSR. This was confirmed by comparative analysis of the cumulative frequency distributions of observed and simulated nearest-neighbor distances, yielding a significant (P < 0.001) dw value of 0.584 ( fig. 3B ). This value can be interpreted to mean that 58.4% more of the actual symptoms were spaced at a distance equal to or less than approximately 15 cm from each other, as compared with the random simulation. When similar calculations were conducted for the remaining seven trees, symptomatic elements were found to be significantly aggregated compared with CSR in each case, with dw ranging from 0.522 to 0.657 (table 2) . Thus, nearest-neighbor distances for symptomatic elements were significantly shorter than expected if they were distributed randomly within the canopy. The next step of the analysis evaluated the deviation of each specific symptom type from the baseline distribution of all symptomatic elements within a given tree. In the majority of symptom type-tree combinations (24 out of 40), no significant deviation from the baseline distribution was observed (table 2). In most of the cases where dw was statistically significant (14 out of 16), symptoms were less aggregated (i.e., more uniform) than the baseline of all symptomatic elements. An illustrative example of this is given in figure 4 for blossom blight in tree no. VIII. Only two symptom type-tree combinations (previous year's symptoms and shoot blight in tree no. IV) showed significant aggregation compared with the baseline (table 2) . Thus, whereas M. laxa-associated symptoms were generally aggregated within the overall canopy volume (based on the above comparison with CSR), there was little evidence that specific symptom types were more or less aggregated than the overall pattern of all symptomatic elements within the tree.
Figure 4.
Frequency histogram of nearest-neighbor distances between blighted blossoms in the canopy of sour cherry tree no. VIII, as compared with a simulation assigning the blossom blight symptoms randomly across the coordinates of all symptomatic elements within the tree. The index dw denotes the maximum deviation between the observed and the randomly simulated cumulative frequency distributions; in this case, a significant negative dw value indicates a more regular distribution of blossom blight compared with all brown rot symptoms in the tree.
Pairwise association analyses showed that all trees, with the exception of tree no. I (the smallest tree), had significant associations (either positive or negative) between one or more symptom types, with the most common significant dw values found when testing association of all current year's symptoms with all previous year's symptoms (table 3) . In this case, only tree no. IV showed a negative association, whereas all others were positive, indicating that nearest-neighbor distances between these two symptom types were generally shorter than expected by chance alone. This is illustrated in figure 5, again using tree no. VIII as an example. Five trees each showed significant associations between all current year's symptoms and previous year's twig cankers and between current year's blossom blight and previous year's twig cankers. In contrast, only two associations between blossom blight and twig cankers (regardless of age) were statistically significant. Whether a significant association was positive or negative appeared to depend more on the tree than on the symptom type examined (table 3) . * dw values calculated based on the cumulative frequency distribution of nearest-neighbor distances between symptoms of different types. Significant positive values (P ≤ 0.05; in bold) indicate that the observed symptoms of the two types are closer together than in the random simulation, whereas significant negative values correspond to a more regular distribution of the two symptom types to each other. For the random simulation, the measured coordinates of all symptomatic elements within each tree served as an empty set of coordinates over which the two symptom types of interest were randomized. † Trees arranged in order of increasing size (number of symptoms). Figure 5 . Frequency histogram of nearest-neighbor distances between all current year's brown rot symptoms and previous year's twig cankers in the canopy of sour cherry tree no. VIII, as compared with a simulation assigning the two symptom types randomly across the coordinates of all symptomatic elements within the tree. The index dw denotes the maximum deviation between the observed and the randomly simulated cumulative frequency distributions; in this case, a significant positive dw value indicates association, i.e., the observed symptoms of the two types are closer together than in the random simulation.
Discussion
Presented here is the first study to quantify spatial patterns of plant disease in complex three-dimensional fruit tree canopies using nearest-neighbor analysis. Although previous workers have collected data on disease and pest injury within individual trees, the spatial resolution used in earlier studies was generally lower (e.g., as a result of using a limited number of strata or quadrats within the canopy to summarize patterns) and/or the statistical analyses were more limited in scope (e.g., comparisons between the upper vs. lower or exterior vs. interior canopy). For example, dividing the canopy of fig trees (Ficus carica "Calimyrna") into high or low, north or south, and inner or outer layers, the spread of a fungal pathogen via fig-pollinating wasps showed no significant difference in disease incidence based on an analysis of variance (Michailides and Morgan, 1998) . Similarly, the canopy of coast live oak trees (Quercus agrifolia) was divided into nine sectors, corresponding to upper, middle, and lower portions combined with northeast, south, and northwest cardinal directions, in order to examine the distribution of weevil-infested acorns (Lewis, 1992) . The statistical analysis (analysis of variance and pairwise comparison) of the 36 trees, each assessed for one of the nine canopy quadrats, showed three of the nine quadrats to have significantly more larval infestation than the others. Compared with these quadratbased studies, the combination of rapid point pattern collection with a high-precision magnetic digitizer (Moulia and Sinoquet 1993; Smith and Curtis, 1996) and data analysis using a 3-D extension of nearest-neighbor statistics (Scheuerell, 2004) has made it possible to quantify aggregation and association patterns for different symptom types within the canopy both efficiently and effectively.
This pilot study showed that symptoms associated with M. laxa infection in sour cherry trees are generally aggregated within the canopy volume, but that there is no consistent pattern for one symptom type to be more or less aggregated than the other (table 2) . This result could have been related to the high disease pressure in this organically managed orchard, which may have masked differences in disease aggregation patterns among symptom types that may be more apparent in conditions of lower disease incidence. Alternatively, a pronounced effect of environmental heterogeneity within the canopy (e.g., differences in localized moisture availability) could have resulted in similar patterns of disease aggregation across symptom types. Heterogeneity in surface wetness, a prerequisite for infection by most fungal plant pathogens, can be marked in fruit tree canopies (Sentelhas et al., 2005) and can significantly impact disease development (Batzer et al., 2008) .
Interestingly, results of the pairwise association analyses showed that current year's symptoms were generally (in six out of eight trees evaluated) closer to previous year's symptoms than expected by chance alone (table 3) , providing statistical support for the long-standing notion (based on disease cycle research with Monilinia spp.) that proximity to within-tree inoculum sources is important for disease progression from one year to the next (Landgraf and Zehr, 1982; Northover, 1985, 1988a, b; Hong et al., 1999; Luo and Michailides, 2001; Holb and Scherm, 2007) . For spores that are primarily airborne, such as those of Monilinia spp. (Corbin et al., 1968) , the presence of a pronounced dispersal gradient would readily explain the observed association between current and previous year's symptoms. Rain-splashing (Pauvert et al., 1969) and run-off transport of spores in rain water from twig inoculum sources to other susceptible canopy elements would also favor the short-distance association between current and previous year's symptoms, as has been documented for Venturia carpophila, another twig-borne pathogen in peach canopies (Lan and Scherm, 2003) .
Although associations of current year's symptoms with specific symptom types from the previous year were not consistently significant (possibly because of smaller sample sizes), it is reasonable to assume that twig cankers formed in the previous year would serve as the most important within-tree inoculum source because of their relatively large number and, consequently, their shorter average distance to current year's symptoms ( fig. 2) . Stensvand et al. (2001) previously documented that sporulation of M. laxa on twig cankers of sweet cherry (Prunus avium) peaks around the time of bloom, further supporting the role of twig cankers as a key inoculum source for inciting blossom blight (the most frequent current season's symptom in the present study).
Since the organically managed orchard used for this study had very high brown rot levels, it would be important to confirm the aggregation and association patterns observed here in conditions of lower disease pressure, e.g., in orchards managed using conventional or integrated practices. Spatial patterns are likely to be dependent on the overall levels of disease in a tree, as suggested by the variations in aggregation and association patterns across the eight trees included in the present study (tables 2 and 3).
Overall, the results of these analyses quantitatively confirm the role of different symptom types in shaping the pattern of brown rot development within the tree canopy. More importantly, the methodologies for data collection and analysis described here have broader applicability, potentially allowing their use in a range of canopy ecology studies. We are currently working to extend the approach to second-order analyses (considering more than just the nearest neighbor of each point in the analysis of aggregation and association), and also to include a temporal element by digitizing symptomatic elements over time as the epidemic develops. We are further collecting pathogen isolates from all infected elements within each tree to determine the fine-scale genetic structure (Trapnell et al., 2004) of the pathogen population at the canopy level. We hope that these analyses will help to develop a deeper understanding of patterns of pathogen survival, spread, and reproductive strategies within tree canopies.
